In the present and the next generation of fusion devices, imaging Bragg spectrometers are key diagnostics to measure plasma parameters in the hot core, especially ion temperature and plasma rotation. The latter quantities are routinely obtained using the Doppler-width and -shift of the emitted spectral lines, respectively. Line shift measurements require absolute accuracies ∆λ/λ of about 10 ppm, where λ-is the observed wavelength. For ITER and the present fusion devices, spectral lines of He-and H-like argon, iron, and krypton as well as Ne-like tungsten are foreseen for the measurements. For these lines, Kα lines can be found, some in higher order, which fit into the narrow energy window of the spectrometers. For arbitrary wavelength settings, Kα lines are also used to measure the miscut of the spherical crystals; afterwards the spectrometers can be set according to the geometrical imaging properties using coordinate measurement machines. For the spectrometers measuring Lyα lines of H-like ions, fluorescence targets can provide in situ localized calibration lines on the spectra. The fluorescence targets are used best in transmission and are excited by the thermal x-ray radiation of the plasma. An analytic theory of fluorescence is worked out. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963163]
I. ACCURACY OF CHARACTERISTIC X-RAY LINES
The measurement of poloidal and toroidal plasma rotation is limited by precision in the determination of spectral line position. For well-known line shapes, one could achieve the values of 1/50-1/80 of FWHM. Typically, resonance lines of He-and H-like ions are measured. The temperature range is limited at the lower end by sufficient population of the He-like ground state and the excitation rates, at the upper end by the disappearance of the H-like ions due to ionization. For Ar, ∆λ/λ FWHM ranges from 300 ppm to 1100 ppm, for Fe and Kr from 600 to 1400 ppm, and for Ne-like W, the range is somewhat smaller, from 600 to 1000 ppm. The inaccuracy of the spectral lines should therefore be lower than 5 ppm, at least not larger than 10 ppm. Examining the NIST X-ray transition energies database, 1 error levels are low enough only for Kα transitions to meet the required accuracy. The x-ray lines consist of many components, due to additional holes in the outer shells; therefore the lines are asymmetric and appear broader. The width of x-ray lines is shown in Fig. 1 . The Kα lines are narrower than 500 ppm between approximately 3 keV (z = 18, Ar) and 30 keV (z = 54, Xe). There is a broad minimum around 10 keV (Ge). Lα is 2-2.5 times broader than Kα at the same energy. Even though Kα lines are narrow enough to define the positions for Ar, Fe, Kr, and W lines, the width is still too large to measure the resolution of the Note: Contributed paper, published as part of the Proceedings of the 21st Topical Conference on High-Temperature Plasma Diagnostics, Madison, Wisconsin, USA, June 2016. a) Author to whom correspondence should be addressed. Electronic mail:
gbertschinger@web.de spectrometers. Therefore the resolution must be guaranteed by design. However, for the measurements of plasma rotation, i.e., shift of the spectral lines, the accuracy is better than 3-5 ppm and compares favorably with the possible resolution for the Doppler broadened lines. Suitable calibration lines are shown in Fig. 1 and Table I , for He-like Kr, there is no calibration line and the alignment must be done independently.
II. ALIGNMENT OF IMAGING BRAGG SPECTROMETERS
The Imaging Bragg spectrometers used for diagnostics on magnetic fusion devices are typically modified Johann spectrometers with symmetric reflection. Alignment can be done in air with visible light as the spherical Bragg crystals behave as monochromatic mirrors. But for commercially available crystals, there is a miscut, i.e., the crystal layers are not absolutely parallel to the surface and the reflection of the x-rays is somewhat different to the reflection of visible light on the surface. The miscut is measured according to the lines given by Covita. 4 For this measurement, the crystal is placed on a rotary device, the center of the spherical crystal as well as the Rowland sphere must coincide with the axis. The center of the crystal sphere is found by autocollimation, the center coincides with the axis if the focal point does not change, when the axis is rotated. With this arrangement, a Johann spectrometer using an x-ray tube with a suitable characteristic Kα line is set up. When the crystal is rotated, the focus on the x-ray detector should not change, if a miscut is present, the focus moves sinusoidally. The crystal must be symmetric to the rotation axis to keep the imaging errors and hence the line shape constant. The measurement can be done in air, if a sufficiently high x-ray energy is chosen, for smaller spectrometers >10 keV and for larger >15 keV. After having determined the miscut, the alignment of the crystal and the detector in the spectrometer box can be done using the properties of imaging Bragg spectrometers with spherical crystals. The positions should be measured by a Coordinate Measurement Machine (CMM), and the modern CMM covers volumes of a few m 3 with an accuracy of some µm (Fig. 2) .
III. IN SITU CALIBRATION WITH X-RAY FLUORESCENCE
In situ wavelength calibration of x-ray spectrometers is highly desirable not only to check for mechanical stability and detector integrity, but also for walk of the spectra due to radiation heating of the crystal during the pulse. 5 A thermonuclear plasma is an intense source of low energy x-rays. Radiation the intensity of a fluorescence target in transmission is 70%-80% of a reflection target. It depends on the absorption coefficient of the incoming radiation. Target thickness is in units of the absorption length and is valid for all elements. Whereas the intensity of a reflection target increases with thickness and saturates for thick targets, a transmission target rises to 70%-80% and decreases with thickness. The optimum target thickness is rather small, 0.4-0.5× absorption length.
with energy by factor 8-9 ( Fig. 4(a) ). X-ray absorption is therefore very efficient in producing holes in the electron shells, more than 80% of the photons with energies above the Kedge produce a hole in the K-shell. The holes are filled up again by electrons of the outer shell, emitting a photon or an Auger electron. Fluorescence can be observed in reflection or in transmission, but transmission targets are easier to integrate into a line of sight. A model for x-ray fluorescence is shown in Fig. 3 .
To compare fluorescence targets in transmission with reflection targets, we relate the Kα flux of a transmission target to the flux of a thick reflection target as a function of target thickness. Fig. 4(b) shows the absorption cross sections and the efficiency of a fluorescence target, parameter is the ratio between the absorption coefficients of the incoming x-ray to the x-ray at Kα. The ratio is about 6 at the K-edge and decays rapidly with energy.
The radiation of a thermal plasma decays ∼exp(−E/T) at high energy, where E is the photon energy and T is the electron temperature, both in keV. Independent of the energy, one incoming photon can produce one hole in the K-shell only and the relevant figure is the photon flux, ∼1/E exp(−E/T). Using Eq. (2), photon cross sections 6 and x-ray fluorescence cross sections, 7 the contribution is integrated over the photon flux above threshold. Fig. 5 shows the Kα fluence of Co as a function of target thickness and plasma temperature. With the optimum target thickness of 0.5× absorption length, the Kα fluence for different targets can be calculated to get a count estimate. Fig. 6 shows the Kα fluence for the different calibration elements proposed above. There is a broad maximum for a temperature about 1.7× Kα energy, for all elements, maximum fluence is between 1.5 and 2.5 × 10 10 Kα (1/mJ). If the Kα line appears in the same order as the measurement line, the intensity is reasonable. In higher orders, the intensity is too low due to low reflectivity of the crystals (Table II) . But at any rate, each of the spectrometer channels on ITER has at least one calibration line. The other lines can then be cross calibrated. Fig. 7 shows a sketch for the fluorescence target on ITER. The fluorescence substrate is enclosed in Be to protect it against oxidation. In 1st order, the fluorescence screen is still transparent. X-ray fluorescence of L lines of cadmium has been proposed 8 for the calibration of the He-like argon spectra, and tried on EAST 9 and KSTAR, but no success has been reported yet, L lines are inferior to Kα with respect to accuracy, width, and intensity. To summarize, x-ray spectrometers can be reliably set and calibrated using Kα lines, in some cases, fluorescence targets for in situ calibration are available.
